Quick and successful vascular access in injured patients arriving in extremis is crucial to enable early resuscitation and rapid OR transport for definitive repair. We hypothesized that intraosseous (IO) access would be faster and have higher success rates than peripheral intravenous (PIV) or central venous catheters (CVCs).
V ascular access may be challenging for injured patients presenting in profound hemorrhagic shock. For the majority of the 20th century, peripheral intravenous (PIV) access complemented by venous cut-down served as the standard of care for vascular access after injury. 1, 2 These intravascular access techniques were supplanted by the development of percutaneous central venous catheters (CVC) in 1952. 2, 3 Despite its development in the early 1920s 4 and subsequent use in World War II, until recently intraosseous (IO) access was uncommonly utilized for vascular access in civilian populations of adult patients. 5 Of late, IO access has gained newfound popularity in part spurred by the American Heart Association guidelines that call for prompt administration of resuscitation agents and minimal interruption of chest compressions for patients in cardiac arrest. 6 In the trauma population, the modern military combat experience has led to increased attention to IO access in both clinical practice and scientific investigation. 5, 7 Although PIV, CVC, and IO are all available for use in resuscitation, there is still a paucity of data about the success rates and time to successful completion for vascular access in hypovolemic adult trauma patients. Using audiovisual review of trauma resuscitations as a part of our quality improvement efforts, we identified an opportunity for improvement in the provision of vascular access at our Level I trauma center in urban Philadelphia. Philadelphia is unlike many cities in the United States in that police have been allowed to transport victims of penetrating injury to trauma centers since 1996 (Philadelphia Police Department Directive 3.14, available online at http://www.phillypolice.com/ accountability). Increasing numbers of penetrating trauma patients are being transported by police, 8 and in such cases, patients typically arrive with limited prenotification and no vascular access. 3, 9 We noted that in patients arriving in extremis, establishing successful vascular access was challenging and often resulted in multiple failed attempts with potential delays to lifesaving therapies.
With the goal of informing guidelines for vascular access in hypovolemic trauma patients, we sought to study the real-time provision of vascular access in patients presenting to the hospital in extremis, defined for the purpose of this study as the absence of a palpable pulse or measurable blood pressure. To do this, we leveraged the utility of our existing audiovisual review program to provide enhanced prospective data collection from high fidelity audiovisual recordings of trauma resuscitations. Based on our preliminary observations, we hypothesized that IO access attempts have higher success rates and are faster than PIVor CVC access attempts in this patient population.
METHODS
As part of a quality improvement project targeted at better understanding the relationship between procedural quality and outcomes after resuscitative thoracotomy (RT), we reviewed high-definition video recordings (Black Diamond Video, Port Richmond, CA) of resuscitations for all patients undergoing RT from April 2016 to July 2017. Annual trauma volume at our academic Level I trauma center approaches 2,700 contacts per year, 21% of whom suffer penetrating injuries. The use of audiovisual recordings allowed us to collect data in a fashion similar to prospective real-time data collection except with the ability to pause, rewind, and re-review areas of ambiguity or data points missed on the first iteration (Fig. 1) . All videos were reviewed by one of three independent reviewers (D.H., R.D., K.C.), 10% of which were reviewed and abstracted independently to ensure agreement between times by abstractors.
The primary exposure of interest was the type of vascular access attempted, categorized as PIV, IO (including tibial and humeral attempts), CVC (including internal jugular, subclavian, and femoral line attempts), or intracardiac line (ICL) attempts. Access attempt start times (needle insertion), access attempt stop times, and the success of each attempt were also collected. The primary outcome of interest was success of the access attempt, as defined by visualization of flow of blood product or intravenous fluid through the device placed. Demographics and descriptors of care are presented using descriptive statistics. The distribution of continuous data was visually inspected and tested for normality using Shapiro-Wilk test. We compared non-normally distributed continuous data using Kruskal-Wallis test adjusted for multiple comparisons. Categorical outcomes were compared using χ 2 or Fisher's exact test. We defined two-tailed statistical significance as α < 0.05. Prior to initiation of data collection, this project was vetted and approved through the University of Pennsylvania institutional review board for future publication. We used Stata v14.0 for all statistical analyses (StataCorp, College Station, TX).
RESULTS
A total of 39 patients met inclusion criteria, of whom one arrived with PIV access from the field with no further vascular access attempts; this patient was excluded from analysis. There were 145 access attempts in the remaining 38 patients in the study. Patients were predominantly African American males with penetrating mechanism of injury who were transported to the trauma center by police (Table 1) . These patients were severely injured were most frequently undertaken. For a given patient, the first type of vascular access attempted was most often a PIV (20 of 38, 53.6%) followed by IO (16 of 38, 42.1%) and CVC (2 of 38, 5.3%). In examining vascular access types by provider group, physicians made the most attempts (75 of 145, 51%) followed by nurses (52 of 145, 35%) and medics (11 of 145, 8%). The provider type was assigned as unknown if the reviewer could not identify the insertion provider due to personal protective equipment, obstacles, or omissions in the Electronic Medical Record (EMR). The type of vascular access attempt differed significantly (p < 0.001) by provider type (Table 2) . Unlike PIV or CVCs, IO line attempts were completed by a mixture of physicians (21/52, 40%), nurses (20/52, 39%), and medics (9/52, 17%).
Success rates by type of vascular access attempt can be seen in Table 3 . Data regarding outcome was missing due to obstructed camera views for 4/145 (2.7%) vascular access attempts (2 in tibial IO access attempts and 2 in subclavian CVC attempts); these cases were excluded from analyses of success rates. Overall, IO attempts were successful in 92% of attempts (38 [100%] of 38 in the tibia and 10 [83%] of 12 were successful in the humerus ( p = 0.01). Intracardiac lines had the next highest success rate (75%), although the overall number of these attempts was low (n = 4). The PIV attempts and CVC attempts had similar success rates (43% and 44% respectively). Success of CVCs did not differ by site ( p = 0.99) or provider type ( p = 0.79). Sensitivity analysis of success rates by access type, including both IOs with missing data as failures and both subclavian CVCs as successes, did not substantially alter our findings (success rate for IO 48/52 [92%] vs. 25/52 [48%] for CVC; p = 0.001).
The time to completion of access attempts by type of vascular access attempted can be seen in Figure 2 . There was no difference between duration of PIV and IO attempts (0.63; IQR, 0.35-0.96 vs. 0.39; IQR, 0.13-0.65 minutes; adjusted p = 0.03), but both PIV and IO were faster than CVC attempts (3.2; IQR, 1.72-5.23 minutes; adjusted p < 0.001 for both comparisons). Most patients had either a PIV (21/38, 55%) or IO (15/38, 40%) attempt as their first access attempt.
In total, 12 (32%) of 38 patients had ROSC, and 8 patients survived long enough to be transported to the operating room. There were two patients who survived to discharge, both of whom were neurologically intact for an overall survival rate of 5.3%. After adjusting for mechanism, we found no association between time to first vascular access completion and ROSC (OR, 1.21; 95% CI, 0.86-1.69).
DISCUSSION
In this prospective observational study of intravascular access in a cohort of patients who arrived in extremis, we found that IO access attempts had a success rate of over 90% and were more than twice as likely to be successful as PIV or CVC attempts. We also found that the time required for IO access attempts and PIV access attempts was similar but both were much faster than CVC attempts.
Given the ramifications of lack of IV access in patients in shock, it is perhaps unsurprising that this topic has been the subject of many previous investigations. Engels et al 5 found that it took a mean of 20 minutes to successfully obtain venous access in patients presenting in hemorrhagic shock-a major potentially avoidable impediment to salvaging patients in extremis. While in a single-center prospective observational study of 40 patients undergoing resuscitation for mixed causes in the emergency department, Leidel et al. 8 found significantly higher success rates (85% vs. 60%, p = 0.024) and shorter insertion times (2.0 minutes vs. 8.0 minutes, p < 0.001) using IO access. In another study examining the use of IO access in trauma patients, the majority of whom presented in extremis, Fulkerson et al. 10 reported a median time to IO access of 3 minutes and was obtained first in 72% of the cases.
While our results qualitatively agree with these findings, we noted a higher success rate for IO (92%) and found shorter durations for both IO (median, 0.39; IQR, 0.16-0.65 minutes) and CVC catheters (median, 3.1; IQR, 1.7-5.2 minutes). While there are many possible explanations for why access attempts were faster in our study, one possibility is that not all patients in the Leidel study were in extremis, perhaps allowing for a less time-pressured approach. 8 Although IO in our experience was faster and more likely to be successful than other types of access, there are other considerations in the resuscitation of hypovolemic trauma patients which must be evaluated. Specifically, the flow rates through IO catheters are known to be lower than through large bore peripheral IVs or CVC lines. The reported rates of flow through 18 gauge PIVs range from 110 mL/min to 212 mL/min, while flow through a CVC can be up to 600 ml/min with 8-French introducer sheaths 7, 11 In contrast, commercially available IO devices provide flow rates between 100 mL/min and 200 mL/min, depending on insertion site.
2 Proximal humerus flow rates may reach 5 L/hour (83.3 mL/min) as opposed to that of the proximal tibia which are limited to IL/hour (16.7 mL/min). 2 There is therefore a tradeoff function between flow rates in vascular access types and the speed and likelihood of success that must be considered. Both the American Heart Association and the American College of Surgeons support IO access as secondline therapy in the wake of failed PIV attempts 12, 13 While flow rates may be suboptimal for volume resuscitation, they are still superior to flow rates in vascular access that does not exist and provide a ready means to deliver medication and fluids until other access can be obtained. Therefore, it is reasonable to advance a position in which one or preferably more IO cannulae are placed as first-line vascular access in injured adult patients with hemorrhagic shock presenting without vascular access as a bridge to more definitive access. It is plausible that resuscitation through initial IO access may improve the success of subsequent PIV and CVC access attempts by helping restore intravascular volume, but this study was not designed to address this question.
In this study, practitioners inserting IOs had a varied level of experience with insertion. Best practices regarding IO training remain unclear but combining didactic and practical training appears to be one successful option 7, 14, 15 As with many potentially perishable skills, the ideal interval between initial training and reeducation has yet to be determined. While in non-obtunded patients flushing IO access with 2% preservative-free lidocaine before use to reduce pain is indicated, in our cohort, most patients were obtunded on arrival, and so this step was often eliminated in the interest of rapid initiation of resuscitation. Other studies have reported lower success rates for proximal humerus insertion relative to tibial insertion 2,5,7,16 but we did not find significant differences in success rates here (Table 3) . Although most providers are familiar with the complications that may be incurred by PIV and CVC placement, fewer may be versed in the complications associated with IO access attempts. These issues include increased (albeit small) risk of compartment syndrome, osteomyelitis, and the potential dislodgement. 2, 16, 17 Due to the short follow-up time in this study, we are not able to report the incidence of these complications here.
One of the strengths of this study is the rigor with which the data were collected. Real-time data collection on processes and sequence of care is challenging in the rapidly paced trauma bay when there are multiple coincident therapies and interventions. In such circumstances, providers charged with data collection may be unable to accurately ascertain precise nature, timing and details of events occurring during resuscitation. Highfidelity audiovisual recording of injury resuscitation captures all events in a time-stamped fashion, allowing for extremely granular evaluation of care processes and performance. 9, 18, 19 Audio recording provides supporting data addressing intrateam communication and critical loop closure, essential elements in assessing team leader performance and the timing of recognition of key changes in condition. While we believe that abstraction of audiovisual recordings represents a new gold standard in data collection for studies of trauma resuscitation, evidence for this contention awaits future method-comparison studies.
This study has several important limitations which must be discussed. First, as our study population was limited to patients undergoing RT predominantly for penetrating trauma, our findings may not be generalizable to other subsets of trauma patients. Specifically, it may be inadvisable to place IO lines in the tibial location in blunt trauma patients with major lower extremity or pelvic trauma. Perhaps, more importantly, it is possible that in patients with less profound hypovolemia, the outcomes of PIV and CVC attempts might compare more favorably to IO attempts. However, we believe our study illustrates the "worst-case" scenario, in which a patient arrives in extremis without IV access; arguably, this represents the population in which the answers to the questions we studied matter most. 20, 21 We also did not track infused fluid volumes because the focus of our study was on time to vascular access and because the flow rates through the access types we describe are already well described in the literature. We are unable to comment on how proximal saphenous vein cutdown or Seldinger technique 22 might compare with the techniques we observed here because this technique is rarely, if ever, practiced at our center. As expected in a cohort of patients undergoing RT, there was an extremely high mortality rate which limits our ability to describe longerterm outcomes associated with different types of IV access. 23 
CONCLUSION
Injured patients presenting in extremis without intravascular access, IO attempts are as fast as PIV attempts but over twice as likely to be successful. CVC attempts take longer than PIV and IO attempts and are much less likely to be successful than IO attempts. Based on these findings we provisionally recommend placement of IO cannulae as a best practice to rapidly establish first-line vascular access for resuscitation and as a bridge to additional access with faster flow rates as needed. Further study in other subsets of trauma patients may support an expanded role for IO access and elevation in future iterations of trauma resuscitation algorithms. straight-forward and it showed the obvious: IO in patients who were hypovolemic -in this case in traumatic arrest -it makes total sense.
Since reading this manuscript I have ordered IO kits for seven of my trauma bays and will start using them in difficult situations such as traumatic arrests.
I will teach it to our techs, nurses, residents, fellows and attending staff. I would advise, however, that this not be too overutilized in the wrong setting, such as stable patients who are awake.
In order of preference what I prefer and value the most is a good nurse that can give me a manual blood pressure and a peripheral 18 gage IV, in a chaotic, noisy, resuscitation. But for patients in traumatic arrest, I agree, go straight for the IO.
For the authors I will ask only one question. Why did you not use the sternal IO as they have a flow rate that's three times as fast as the tibial IO? And the tibial IO has the highest rate of insertion difficulties according to the study done in cadavers by the Baltimore Shock Trauma Center.
Dr. Raminder Nirula (Salt Lake City, Utah): Ram Nirula, University of Utah. Nicely presented. I am wondering if you have any data on flow rates in your study.
And while I suspect that you were performing these procedures simultaneously you give the impression that IO was done first, then peripheral IV is done second and then central line is done third.
In our institution we have a policy where if we don't have IVaccess in a critically-injured patient we'll do IO simultaneously to peripheral IV and central access. I am wondering if you have any thoughts about whether we should be doing it that way.
Ms. Kristen M. Chreiman (Philadelphia, Pennsylvania): Thank you, Dr. Rhee, for your insightful comments and thank you to the AAST audience, as well.
Dr. Rhee, in response to your question, our center does not use the sternal IO. Although the flow rate is faster and successful placement of a sternal IO ranges from 70 to 90 percent, current AHA guidelines recommend against any interruption in chest compressions and placing a sternal IO would require you to cease your chest compressions in order to place that sternal IO access.
Also, our study focused on resuscitative thoracotomy. And in my opinion placing a sternal IO in a patient that would need a resuscitative thoracotomy procedure would potentially be dangerous to the providers.
In regards to flow rate, that was not a focus of this study so I don't have any information to provide on the flow rates.
In regard to the simultaneous access question, we do agree that it is best to try to place at least two IVs as quickly as you can.
In our institution we do not have any guidelines to direct the choice of access for physicians at this point. But in our study we did also see that we had concomitant access where there was multiple attempts occurring at the same time.
